Abstract The large increase in upper-ocean sampling during the past decade enables improved estimation of the mean meridional volume transport in the midlatitude South Pacific, and hence of the climatically important Meridional Overturning Circulation. Transport is computed using Argo float profile data for geostrophic shear and trajectory data for reference velocities at 1000 m. 
Introduction
The mass, heat, and freshwater transported by the mean ocean circulation are central to the oceanic contribution to the climate system. The energy and water cycle involves northward heat transport in the Atlantic, poleward heat transport in the combined Indo-Pacific, and freshwater transports directed away from the excess rainfall regions of the tropics, and high latitudes toward the evaporative subtropics [Talley, 2003 [Talley, , 2008 . The oceanic mass transport is partitioned vertically into shallow meridional overturning circulation cells running across the equator in the Atlantic and the Indian Oceans and at mid to low latitudes in the Pacific, and deep cross-equatorial cells below [Ganachaud and Wunsch, 2003; Macdonald et al., 2009] . On a global scale, mean oceanic transports of heat and freshwater are expected to balance surface fluxes of heat and freshwater, maintaining a quasi-steady state.
The World Ocean Circulation Experiment (WOCE) of the 1990s included an ensemble of zonal and meridional top-to-bottom vertical hydrographic sections covering most ocean basins. One of the principal objectives in designing the WOCE field program was to make direct estimates of the meridional mass transport, and of the transfer of heat and fresh water in the global ocean. A sampling strategy was for meridional transport at about 30 north and south in each ocean basin to be inferred from a set of coast-to-coast zonal sections and western boundary current (WBC) moored arrays at those midsubtropical gyre latitudes. Unfortunately, the sparsity of the WOCE sections in space and time generated large uncertainties in the transport estimates and hindered accurate assessment of ocean variability [Ganachaud and Wunsch, 2003; Wunsch and Heimbach, 2007; Macdonald et al., 2009] . To estimate WBC transport at 30 S in the western South Pacific Ocean, Mata et al. [2000] combined WOCE repeat hydrographic surveys with moored recording current meter and acoustic Doppler current profiler measurements between 1991 and 1993. They described the East Australian Current (EAC) as a southward-oriented current positioned over the 2000 m isobath with a time-varying offshore limit of 40-100 km from the coast, flowing over a northward going countercurrent extending to 4000 m depth. According to Mata et al. [2000] , the occasional meandering of the EAC offshore of the moored array leads to an underestimation of the average EAC transport and emphasizes the need for basin-spanning data sets and studies.
flux of dissolved silica, a moored current meter array northeast of New Zealand, and a prescribed net northward flow feeding the Indonesian and Bering Strait throughflows. ALACE float measurements at 900 m depth were used to constrain the spatial distribution of the large-scale circulation field. Above the thermocline, their results show a basin-wide shallow counterclockwise subtropical gyre of thermocline and intermediate waters, and a broad southward flow off the coast of Chile, which corresponds to the Peru-Chile Undercurrent. Below the thermocline, they described a nearly closed recirculation in the deep region east of the Tonga Kermadec Ridge of northward bottom water, which returns southward as Pacific deep water, and a southward transport of Pacific deep water in the eastern boundary along the East Pacific Rise (EPR) and the Roggeveen Rise. A limitation in Wijffels et al.'s [2001] work is that snapshot sampling along P6 is inadequate to characterize the mean state of the flow field. The question of how the net basin-wide transport varies at interannual time scales was left to later data sets. Now a dozen years after the Wijffels et al. 's [2001] paper, there are 6 times as many Argo profiles and trajectories in 2012 as in the WOCE hydrographic and float data set in a 5 latitude band centered on 32 S. In this work, we take advantage of this increased number of float observations to develop improved estimates of the upper ocean volume transport, 0-2000 m, with a reference velocity based on Argo trajectories. This will allow us, without constraining the total transport, to improve on the previous estimates of the mean basin-wide transport at 32 S, its decomposition into the western and eastern boundary currents and interior flows, and its time variability during the Argo era.
The Southern Annular Mode (SAM) is the dominant mode of atmospheric low-frequency variability south of the extratropical regions of the Southern Hemisphere [Thompson and Wallace, 2000] . It is characterized by annular anomalies of opposite geopotential height in the Antarctic region and at southern midlatitudes. WOCE hydrographic measurements and Argo float profiles were used by Roemmich et al. [2007] to study the ocean circulation change in response to the strengthening of circumpolar westerly winds and the weakening of the midlatitude westerlies during the SAM increase of the 1990s. They found that changes in midlatitude wind stress curl are linked to an intensification of the South Pacific Ocean subtropical gyre. Using an Island Rule model forced with National Center for Environmental Prediction/National Center for Atmospheric Research wind stress and wind stress curl products, Cai [2006] described a strengthening of the southward EAC and of the northward interior transports tied to the intensification of the wind stress curl between the late 1970s and the early 2000s. According to coastal near-surface temperature and salinity time series measurements recorded on the path of the EAC extension, the trend of EAC flow strengthening related to the wind forcing can be traced back to the 1940s [Hill et al., 2008] .
El Niño Southern Oscillation (ENSO) describes the low-frequency oscillation of sea surface temperature anomaly in the central and eastern equatorial Pacific. Observations [Zilberman et al., 2013] and numerical simulations [Lee and Fukumori, 2003] have investigated the time variability of the volume transport of the shallow Meridional Overturning Circulation in the tropical South Pacific Ocean. These studies have documented an ENSO signature in the volume transport at interannual time scales, characterized by a strengthening of the geostrophic transport in the interior and a weakening of the transport in the western Pacific during La Niña events. The reverse occurs during El Niño. The counteracting tendency of the transport was explained as a combined effect of two anticorrelated forcings: the off-equatorial wind stress curl in the western Pacific and the near-equatorial zonal wind stress in the interior Pacific.
Beyond addressing the time mean transport at 32 S, our goal in this paper is to answer the following questions: Is there any interannual variability in the basin-wide upper ocean transport at midlatitudes? What is causing it? Is the midlatitude transport affected by the SAM at interannual time scales? Do transport anomalies show an ENSO signature?
In this work, Argo profiles from 2004 to 2012 are used to estimate water mass pathways and velocities at 32 S in the upper 2000 m of the Pacific Ocean. This study exploits the increase in spatial and temporal coverage of the Argo data to improve on the earlier results obtained from WOCE data by Wijffels et al. [2001] . This paper is organized as follows: the data sets and methods are described in section 2. The mean circulation in the upper 2000 m at the western boundary and east of the dateline are presented in section 3. Interannual variability of the volume transport in relation to changes in the wind stress curl is considered in the same section. This analysis shows how interannual variations of the combined EAC and EAC recirculation transports are tied to the SAM. No evident ENSO-related signal was observed. The findings are summarized in section 4.
Data and Methods

Argo Float Profiles and Trajectories
In this work, we use 1/6 3 1/6 gridded Argo data as described by Zilberman et al. [2013] for the January 2004 to December 2012 period, and unless otherwise specified all of our analysis is for the full 9 year period. Different techniques were considered for binning the trajectory-based data. As will be shown in section 3, the circulation of the WBC region consists of the EAC flowing southward along the Australian coast and the EAC recirculation flowing northward offshore of the EAC. The coastline is oriented northwestward north of Brisbane and southwestward to the south of 32 S. We found that if we used north-south oriented bins in the WBC region, velocities of opposite signs were blended, and this attenuated the strength of the EAC. Instead, to preserve the sharp velocity gradients associated with the along-coast flow and flow reversal, trajectory-based velocities are sorted west of 164 E into 1/6 latitude 3 1/2 longitude bins aligned with the 1000 m isobath. That is, the western most bins include all trajectories in the first 1/2 of longitude east of the 1000 m isobath and so on. The 1/6 latitude bins that parallel the 1000 m isobath are then grouped into 3 latitude bins. East of 164 E, trajectory-based velocities are sorted into 1/6 latitude 3 1/2 longitude bins oriented north-south. To maximize the number of velocity observations per bin, trajectory data are regrouped and averaged into 3 latitude 3 1/2 longitude grid cells (Figure 1 ). Float sampling density is heterogeneous near the coast of Chile (section 3.2.1). Bins were selected for further analysis if they contained at least 3 float observations within the 3 latitude 3 1/2 longitude domain. Uncertainties are assigned based on the standard error, the standard deviation divided by the square root of the number of observations.
Climatological Products
The mean and the time variability of the wind stress curl, Ekman transport, and air-sea fluxes in the South Pacific are examined using reanalysis fields from the National Centers for Environmental Prediction (NCEP) and the European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA).
The NCEP fields are taken from the NCEP/National Center for Atmospheric Research (NCAR) archive. Data are available from the NCEP Web site (http://www.esrl.noaa.gov) [Kalnay et al., 1996] . The NCEP model version considered in this work uses a T62 Gaussian grid, which corresponds to a horizontal resolution of approximately 200 km. The momentum flux, surface sensible heat flux, surface latent heat flux, net longwave radiation, and net shortwave radiation are taken from the NCEP/NCAR monthly means of six hourly data.
The ECMWF fields are taken from the ERA/Interim archive available on the ECMWF Web site (http://data-portal.ecmwf.int/) [Berrisford et al., 2009] . The ERA/Interim reanalysis has a spectral T255 horizontal resolution, which corresponds to an effective grid resolution of approximately 100 km. The instantaneous surface stress is taken from the ECMWF monthly means of daily mean fields. The surface sensible heat flux, surface latent heat flux, surface solar radiation (shortwave radiation), and surface thermal radiation (longwave radiation) are taken from the ECMWF synoptic monthly mean archives.
Altimetry
Gridded altimetric sea surface height complementary to Argo is provided by Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO) for studying the time variability of the geostrophic transport across the South Pacific. The AVISO fields used here are delayed time weekly fields of altimetric height anomaly projected onto a 1/3 3 1/3 grid. In the AVISO archives, the sea surface height anomaly is computed relative to an 8 year mean from 1993 to 1999. In this study, the altimetry fields were adjusted to a 2004-2012 mean for consistency with the geostrophic transport anomalies derived using the Argo temperature and salinity profiles.
Results
Streamlines of relative geostrophic velocity on neutral density surfaces are computed using Jackett and McDougall's [1997] 
Mean Geostrophic Velocity in the EAC
The 2004-2012 mean meridional geostrophic velocity in the western boundary region is shown in Figure 3a for 30 S and in Figure 3b for 32 S with the reference velocity at 1000 m from Argo trajectories. For the Australian continental shelf region and on the crest of the Norfolk Ridge, where depth is shallower than 1000 m, the velocity is computed relative to the bottom. In regions deeper than 1000 m where there are fewer than three trajectories within 3 latitude 3 1/2 longitude, the velocity at 1000 m depth is set relative to signature of the EAC extension [Tilburg et al., 2001] . Figure 4 compares integrated transport using the trajectories to determine a reference (thick red line) against transport using a 2000 m level of no motion. When a level of no motion at 2000 m depth is used, the meridional geostrophic velocity at 1000 m is more negative below the core of the EAC and more positive in the lower part of the EAC recirculation. As a result, the core of the EAC and the EAC recirculation deepen, and the signatures of the EAC Countercurrent and EAC Uncertainties in trajectory-based geostrophic transport at 32 S arise from heterogeneous trajectory density.
Random errors (based on variability) in trajectory-based velocity at 1000 m computed for each 3 latitude 3 1/2 longitude bin represent about 25% of the bin-averaged velocity (Figures 3b, 3d , and 7a). The largest errors are seen at the western boundary, where the standard deviation is highest, and at the eastern boundary, where the trajectory density per bin is lowest (Figures 7b and 7c ). Assuming the estimates from 1/2 longitude bins are independent, the uncertainty in transport is 4.2 Sv in the western Pacific, 4.1 Sv in the interior, 2.2 Sv in the eastern Pacific, and 6.0 Sv basin wide. In the western boundary region, random errors are 2.9 Sv for the EAC and 3.6 Sv for the EAC recirculation.
Systematic errors are generated by the mean vertical shear during the float ascent and descent between surface and parking depth. Assuming that the rising and descending times of a float represent 5% of its cycle, systematic errors are 20.8 Sv in the western Pacific, 1.6 Sv in the interior, 0.9 Sv in the eastern Pacific, and 1.7 Sv basin wide. In the western boundary region, systematic errors are 22.5 Sv for the EAC and 1.7 Sv for the EAC recirculation. The time-varying shear contributes to the random error described above. 
Heat Budget in the Pacific Ocean North of 32 S The heat budget north of 32
S is given by
As noted in section 3.2.1, the 2004-2012 mean Ekman transport at 32 S is negligible compared to the geostrophic transport. The heat transport is estimated as the heat flux convergence into the region north of 32 S, based on the best estimate of the basin-wide geostrophic transport (20.6 Sv) and temperature difference between waters entering and leaving the region.
The heat transport is
where T g is the temperature of V g , and T ITF is the temperature of V ITF . The 2004-2012 mean T g is 12.6 C. T ITF is set to 17.9 C as reported by Sprintall et al. [2009] .
The vertical advection of heat north of 32 S is [Munk and Wunsch, 1998 ], is small compared to H, Adv z , and S in equations (3)- (5). The contribution of the vertical diffusion to the heat budget is not included in our analysis.
The air-sea heat flux north of 32 S is
where Q l is the latent heat of evaporation, Q s is the sensible heat flux induced by the temperature difference between the ocean and the atmosphere, Q lw is the net longwave radiative flux, and Q sw is the net shortwave radiative flux.
The 2004-2012 mean heat transport at 32 S, H in equation (3), and the air-sea flux north of 32 S, Q in equation (6), are significantly larger than the vertical advection of heat and heat storage north of 32 S, Adv z and S, in equations (4) and (5) and Table 1 . Table 1 ). The error uncertainty of 0.13 PW in H is associated with error in trajectory-based velocity at 1000 m.
The residual of the oceanic heat transport, heat storage, vertical advection of heat, and air-sea flux in the region north of 32 S is 0.69 PW using ECMWF and 0.40 PW using NCEP (Table 1 ). This residual is 4.3 W m
22
for ECMWF and 2.5 W m 22 for NCEP, smaller than systematic errors in the reanalysis air-sea fluxes as reported by Grist and Josey [2003] .
Water Mass Transport
The water mass transport at 32 S is partitioned into the western Pacific, the interior, and the eastern Pacific ( Figure 9 ). For each region, the trajectory-based transports are binned in T-S space (Figures 10-12) , with bins 1 C by 0.1 psu wide. Also represented are trajectory-based transports per C summed across all salinities, and per 0.1 psu of salinity, summed across all temperatures. The T-S and planetary potential vorticity characteristics of the water masses are described in Table 2 .
At the eastern boundary, the water mass transport in the upper thermocline consists of fresh and warm surface waters and South Pacific Eastern Subtropical Mode Waters (SPESTMW) carried northward in the PCC (Figures 9a and 10a-10c) . The planetary potential vorticity minimum of 2-3 3 10 10 m 21 s 21 seen in Figure   9b between 25 and 25.7 kg m 23 is indicative of SPESTMW, formed as deep late-winter mixed layers in the eastern South Pacific north of the Subtropical Front [Tsuchiya, 1998; Wong and Johnson, 2003; Sato and Suga, 2009] . In the mid and lower thermocline, we see a two-way transport of fresh and cool Eastern South (Figure 10 ). The shallow salinity minimum seen in Figure 10c below the SPESTMW is indicative of the ESPIW, which originates from the eastward freshening of western Pacific subsurface waters along the southern rim of the subtropical gyre [Karstensen, 2004] . The SAMW seen below is formed from sinking just north of the Subantarctic Front of eastern Pacific waters freshened by an excess of precipitation over evaporation [Talley, 2008] . The deep salinity minimum helps define the AAIW as the freshest variety of SAMW. Net northward volume transport primarily occurs within temperature ranges of SPESTMW and AAIW (Figure 10b ). The transport maxima of 1-2 Sv are seen within the temperature and salinity bins of the SAMW and AAIW. In the midthermocline, the transports of ESPIW in the PCC and in the PCUC have similar amplitude and opposite sign, which implies a small net volume transport.
In the interior, T-S diagrams indicate saltier and warmer subsurface waters (Figures 11a-11c ) compared with the eastern boundary (Figures 10a-10c) . The fresher and cooler conditions in the east result from the weakening of the Subtropical Front and northward advection of SAMW in the PCC. Net transport in temperature and salinity bins is mostly northward. As is also true in the eastern boundary, the T-S bins with highest transport (>1 Sv) occur within the SAMW and AAIW. During the time that the eastern Pacific AAIW is carried anticlockwise around the subtropical gyre, the salinity at its core slowly increases through mixing with higher salinity water from above and below. The maxima in transport per 0.1 psu in the interior show AAIW to be saltier than in the eastern boundary (Figures 10c and 11c ).
The T-S relation at the western boundary ( Figure 12 ) appears much tighter than in the interior (Figure 11 ) or at the eastern boundary (Figure 10 ). The Southwestern Subtropical Mode Waters (SWSTMW) are saltier than the subsurface waters to the east, indicating that precipitation minus evaporation is greater along the Subtropical Front east of NZ than in the Tasman Sea. Beyond the EAC bifurcation, a broad T-S range of SWSTMW, SAMW, and AAIW flows southward in the EACex (Figures 12a-12c) . In contrast, only the warmest characterized by a salinity lower than 34.3, while AAIW formed in the eastern Pacific is saltier. Our measurements reveal AAIW with salinities in the 34.5-34.6 range, indicative of AAIW of eastern Pacific origin ( Figure  12c ).
The basin-wide volume transport at 32 S consists of equatorward volume transport of 7.3 6 0. (Table 3) . Hartin et al. [2011] use hydrographic and chlorofluorocarbon (CFC) data collected within the South Pacific in the austral winter of 2005 to calculate formation rates for the SAMW and AAIW. The CFC-derived formation rates of 7.3 6 2.1 Sv for SAMW and 5.8 6 1.7 Sv for AAIW that circulate within the South Pacific subtropical gyre are consistent with our equatorward volume transport estimates at 32 S.
Interannual Variability of the Transport at 32 S
Relative to the 2004-2012 mean, the geostrophic transport anomalies of the poleward EAC and equatorward EAC recirculation exhibit a SAM signature characterized by an increase during the positive phase of the SAM and a decrease during the negative phases of the SAM (Figure 13a 12 month running mean of the SAM index exceeds 0.25. Negative phases of the SAM correspond to a SAM index lower than 20.25. At interannual time scales, the variability of geostrophic transport east of the dateline is about half the variability of the western Pacific (Figure 13b ). The interannual anomalies in geostrophic transport east of the dateline appear to exhibit a 2 year periodicity uncorrelated with the SAM. The time variability in the basin-wide geostrophic transport at 32 S resembles the transport in the western Pacific and is characterized by an increase during the positive phases of the SAM and a decrease during the negative phases of the SAM (Figure 13c ).
The simultaneous increase in the EAC and EAC recirculation is in agreement with altimetric height time series for the same time period (Figure 14) . During the positive phase of the SAM, the altimetric height maxima at the offshore limit of the EAC region indicate a simultaneous strengthening of the geostrophic transport in the EAC and the EAC recirculation. This tendency results from local wind stress curl forcing in the EAC region, which has a positive anomaly during positive SAM phases ( Figure 15 ). This is consistent with the observed sea level rise and corresponding spin-up of the EAC and its recirculation (Figures 16a and  16b) . The reverse occurs during the negative phase of the SAM.
The interannual anomalies in surface geostrophic transport using Argo at 32 S are similar to AVISO values averaged for 33.5 S-30.5 S (Figures 16a-16c ). Regression slopes of AVISO transports at the western 
Summary and Conclusions
The objectives of this study have been twofold: (i) to improve estimates of the mean northward upper ocean transport in the South Pacific at midlatitudes while testing the capabilities of the 9 year Argo profile and trajectory data set and (ii) to investigate the time-variability of the transport for 2004-2012 using Argo, altimetry, and atmospheric reanalysis data.
Our best estimate of the 2004-2012 mean geostrophic transport at 32 S is computed with reference velocity at 1000 m based on Argo trajectories and includes a correction for systematic error generated by vertical shear during the float ascent and descent between surface and parking depth. Random errors generated by the variability and number of trajectory estimates represent the largest source of uncertainty in basin-wide transport. The mean EAC transport estimate of 23.3 6 2.9 Sv southward is in agreement with Mata et al.
[2000] and Wijffels et al. [2001] . The net mean transport is 20.8 6 6.0 Sv basin-wide, 10.8 Sv greater than the transport constraint imposed by Wijffels et al. [2001] . In the present study, the transport and error are estimated, whereas Wijffels et al. [2001] used the ITF transport to constrain the transport at P6 to be 10 6 5 Sv.
As shown in section 3.3, the EAC and recirculation show significant variability at interannual time scales. (Table 3) are consistent with formation rates of water masses inferred from CFC inventories in the South Pacific.
In addition to the mean flow, our analysis focuses on the time variability of the geostrophic transport at 32 S at interannual time scales. Changes in basin-wide transport are dominated by transport anomalies in the western boundary current region. The simultaneous increase of the EAC and the EAC recirculation during the positive phase of the SAM and simultaneous decrease during the negative phase are linked to changes in the wind stress curl tied to the SAM. No evident ENSO signature was found in the geostrophic transport variability at 32 S at interannual time scales. Uncertainties remain in the time-varying transport of the EAC due to a lack of Argo profiles. Ongoing high-resolution expendable bathythermograph sampling combined with additional Argo float deployments will help assess the time-variability of the EAC and its recirculation.
